In order to perform accurate ray tracing inside the human eye, it is important to know 86 the in vivo size and shape of the eye lens. Although the equivalent power of the lens can 87 easily be calculated, 1 obtaining a reliable estimate of its dimensions is more difficult 88 because lens biometry, except for lens thickness, requires dedicated equipment that is 89 only available as experimental devices. 90
In ray tracing the lens radii of curvature are of particular importance. These are 91 traditionally determined by either phakometry, i.e. the analysis of the location and 92 relative sizes of the Purkinje reflections, 2,3,4,5 or a Scheimpflug camera corrected for 93 refractive distortions of the images. 6 These techniques give similar results for the anterior 94 lens radius of curvature and slightly differing results for the posterior radius of 95 curvature, 7 and have been valuable in studies on ocular development, 8 accommodation 9, 10 96 and alignment of intraocular lenses (IOLs). 11, 12, 13, 14 
97
As there is no commercial device available to determine the lens radii of curvature in a 98 clinical setting, Royston et al. 15 developed a method to estimate them by extending 99
Bennett's method for the calculation of lens power. 16 This method uses the Gullstrand-100
Emsley eye model, 17 supplemented by ocular refraction, corneal power and intraocular 101 distances. 102
Other parameters of interest are the lens equatorial diameter, volume and surface area, 103 which could be used in cataract surgery for the determination of a suitable IOL haptic 104 diameter or predicting the amount of postoperative lens epithelial cell proliferation based 105 on the size of the capsular bag. Although optical methods 8 or in vitro examination 18, 19 106 may be used to estimate lens volume, non-optical methods such as ultrasound and 107 magnetic resonance imaging (MRI) 20, 21, 22 are preferred as these are able to image the 108 peripheral regions of the lens that are covered by the iris. In vitro studies are not suitable 109 as the lens loses its physiological shape. 110
This work proposes multiple linear regressions using common biometry parameters to 111 estimate parameters that are difficult to measure in vivo. For the regressions of the radii 112 of curvature of spherical lens surface fits, a comparison with the Bennett-Royston method 113 is made, and all regressions are evaluated for their quality of fit to measured data, both 114 when lens thickness is known and when it is not known. 25, 26, 27 , containing estimates of the lens size and 130 shape in the axial (horizontal) plane of the unaccommodated eye, were available for two 131 These c 1 and c 2 constants were obtained by optimization as reported in a previous paper. 1 Royston et al. 15 later expanded Bennett's method to determine the lens radii of 158 curvature using: 159 and the method to derive lens volume and surface area from the MRI data is described in 185 Appendix A. All regressions will be evaluated both assuming lens thickness is known and 186 that it is not known. 187
Using the uncertainties (or margins of error) on the biometry measurements given in 188 Table 1 , error propagation analysis USA) and SPSS 12 (SPSS Inc, Chicago, USA). As in this work a large number of 217 statistical tests will be performed (about 50), a Šidák correction was applied to reduce the 218 effect of α inflation. Hence a significance level of P < 0.0044 was used to indicate 219 statistically significant differences in order to assure that the probability of obtain a false 220 test by chance is less than 20%.As in this work a large number of statistical tests will be 221 performed (about 50), a Bonferroni correction was applied to reduce the effect of α 222 inflation. Hence a significance level of P < 0.0044 was used to indicate statistically 223 significant differences. The multiple linear regressions were optimized using the linear 224 regression function in SPSS, in which a significance level of P < 0.01 was chosen to 225 identify significant terms. 6.94 ± 0.63 mm, which were much closer to phakometry. In the following, the Bennett-240
Royston radii of curvature will only be reported using these mean n L and Q values. The third and fourth columns of Table 2 (4) Similarly, the radii of curvature can be estimated using lens thickness regression (5) in 294 conjunction with regression equations (4). The radii of curvature are not significantly 295 different from those obtained with phakometry or when measured lens thickness was 296 used (see Table 2 ). The R 2 correlation with phakometry was not influenced by the use of 297 regression (5) . 298
300
Estimating equivalent refractive index of the lens 301 302
The lens refractive index n L calculated using equation (3) for the Bennett-Royston 303 method and regression (4) ( Table 2) (Figure 1d) . 310
If no measurement for the lens thickness is available, the refractive index may be 311 calculated using regression (5). This gives results that are not significantly different from 312 either phakometry or from using equation (3) with a measured lens thickness (Table 2) . 313 314 315
Estimating radii of curvature and conic constants of aspherical fits to the lens 316 surfaces, equatorial diameter, volume and surface area 317 318
Using MRI data 25, 26 from a subpopulation of 30 eyes the radii of curvature and conic 319 constants can be estimated by the following multiple linear regressions: 320 Lens volume and surface area were determined from MRI biometry using the method 334 described in Appendix A. These may be given by: 335 If lens thickness T is not known, regressions (6), (7) and (8) can be used with the lens 343 thickness regression (5) used to obtain T. This did not affect statistical significance 344 (Table 3) . 345 346 347 As there may be circumstances in which the lens thickness of an eye is not known, such 400 as in the analysis of historical or incomplete data or in a clinical practice that uses a 401 biometry device that does not record lens thickness (e.g. Zeiss IOLMaster), the lens 402 thickness regression (5) was introduced. It incorporates the thickness increase with age, 403 and the resulting decrease in anterior chamber depth. The last column in Tables 2 and 3  404 shows that, when the lens thickness regression is used in conjunction with Bennett lens 405 power (1), lens refractive index (3), or regressions (4), (6) , (7) and (8), similar results 406 were found as when the measured lens thickness was used. Using this regression in such 407 a manner will slightly increase uncertainty. 408
Once power, radii of curvature and thickness of the lens are available, equation (3) can 409 be used to calculate an equivalent refractive index n L that does not include the refractive 410 index gradient of the natural lens. For regression (4) this yielded refractive indices that 411
were not significantly different from the phakometric refractive index, while the Bennett-412
Royston method gave an unrealistic constant refractive index. This constant value is a 413 result of using the thick lens approach in the Bennett-Royston method in combination 414 with equation (3), which is the thick lens formula solved for n L . The Bennett-Royston 415 method is therefore unsuitable for studies of the lens refractive index. Using the 416 approximated lens shape, through equations (6) and (7), its equivalent refractive index (3) 417 and the subject age, it is possible to make an estimate of the gradient index distribution 418 using the formulas recently published by Navarro et al. 31, 32 or de Castro et al. A shortcoming of this study is that all subjects were emmetropes, and it is not known 442 how well these regressions will work in ametropic eyes. Because none of the regressions 443 include refraction as a parameter and this emmetropic group contained an axial length 444 range of [21.47, 25.25 ] mm, we feel confident that the regressions will also work for an 445 ametropic range of about [-6 , +6] D. Another shortcoming is that the MRI subgroup was 446 divided into a young and an older age group, which might have an influence on the 447 results as well. 448
Although the differences between the regressions presented in this work and 449 phakometry may at times seem large, using the regression estimates in calculations is 450 more appropriate than using the lens parameters of a mathematical eye model. As eye 451 models use constant radii and refractive indices to describe individual eyes, they have no 452 correlation with phakometry or MRI measurements and are unable to account for 453 variations in biometry and the influence of ageing. The large 95% confidence intervals on 454 the differences with phakometry given in Tables 2 and 3 Assuming that the lens is rotationally symmetric around its optical axis, its shape can be 463 approximated by a solid of revolution, as was done previously by Koretz et al. 22 This 464 solid can either be defined exactly using integration or by approximation using a stack of 465 infinitesimally thin cylinders. For reasons of simplicity we opted to use the latter method. 466
The surface profile of the lens can be divided into (I) an aspherical anterior section, (II) 467 a cylindrical mid-section and (III) an aspherical posterior section, each of which is 468 calculated separately ( Figure A1a 
